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PROJECT  SUMMARY 


To  be  economically  attractive,  weight  and  performance  for  small  earth-to-orbit  launch  systems  and 
station  keeping  space  vehicles  must  be  improved  at  significantly  lower  costs  while  maintaining  the 
required  payloads.  A  major  weight  and  cost  factor  in  any  of  these  craft  is  the  tankage  for  propellants 
and  pressurant  gases.  Innovative  and  proven  manufactunng  technologies  such  as  electroformmg  ave 
often  been  overlooked  as  means  to  meet  these  needs.  Electroforming  offers  a  method  to  fabncate 
seamless  tanks  with  no  property  degrading  welds.  In  conjunction  with  filament  winding,  electro¬ 
forming  can  produce  improved  tanks  in  greatly  reduced  time  frames  because  it  can  produce  the  mat¬ 
erial  and  net  shape  simultaneously.  For  those  readers  not  familiar  with  electroformmg,  it  is  a  plating 
process  whereby  a  mandrel  (or  form)  is  made  conductive  and  overplated  with  a  metal  such  as  mckel 
or  copper.  The  mandrel  is  later  removed  chemically  or  thermally.  It  is  widely  used  m  fabncating 
rocket  thrust  chambers  such  as  the  Space  Shuttle  MCC  (Main  Combustion  Chambers)  and  the  Shuttle 
OME  (Orbital  Maneuvering  Engines). 

Although  electroforming  nickel  based  alloys  of  very  high  strength  was  iratially  planned,  discusions 
with  tankage  engineers  from  prominent  aerospace  companies  indicated  that  material  with  high  jne 
and  ultimate  strength  might  not  be  desired.  Instead,  a  highly  ductile  electrodeposit  was  sought  whch 
could  easily  expand  under  pressure  to  intimately  contact  an  overlying  filament  wound  shell  made  from 
a  very  high  modulus  material.  The  shell  thus  provides  the  structural  pressure  containment  capability 
while  the  metal  tank  liner  provides  a  seal  to  prevent  leakage  while  integrating  the  fill  and  dram  ports 
into  a  singular  structure.  Since  nickel-cobalt  electrodeposits  have  low  ductility  as  deposited  and 
require  stress  relieving  treatments  at  temperatures  higher  than  desired  for  the  binding  system  in  the 
filament  winding,  a  need  to  direct  development  efforts  to  high  ductility  nickel  was  required.  This  task 
was  extremely  important  in  that  high  ductility  would  be  required  in  very  thin  deposits  since  these 
would  be  required  if  weight  savings  were  to  be  realized. 

Task  I  addressed  the  ductility  problem.  It  was  found  that  best  ductility  (10  percent  elongation,  or 
more,  in  2  inch  gauge  lengths)  could  be  obtained  in  deposits  having  veiy  fine  (almost  equi-axed) 
grains.  Ductilities  were  also  determined  in  1  inch  gauge  lengths  since  nickel  electrodeposits  tend 
to  elongate  locally  in  many  cases.  The  results  of  these  tests  were  even  more  encouraging.  Stress 
relieving  at  177°C  (the  filament  wind  “cure”  temperature)  generally  improved  the  ductility. 
Electrodeposition  parameters  for  producing  this  fine  grain  were  mapped.  Discussions  with  tank 
design  engineers  indicated  that  these  properties  would  be  more  than  adequate. 

Since  electroforming  of  large  tanks  and  tank  liners  might  be  facilitated  by  electroform  joining  (  cold 
welding”)  of  tank  components.  Task  II  efforts  demonstrated  that  excellent  joint  strengths  cou  e 
obtained.  Such  strength  results  (obtained  in  mechanical  pull  tests)  were  similar  to  the  mechanical 
strength  of  the  two  electroformed  metals  being  joined.  This  was  a  far  superior  strength  to  that 
obtained  by  thermal  means.  The  properties  of  the  electroformed  metals  were  not  degraded 
Application  of  this  joining  technique  was  demonstrated  on  two  halves  of  an  electroformed  nickel  tank 
having  a  wafl  thickness  of  about  0.038  cm  (0.015  inch).  The  “cold  welded”  tank  was  leak  tested  at 


about  200  psig  and  performed  very  well.  This  demonstrator  tank  has  caught  the  interest  of  local 
companies  and  NASA  -  MSFC  engineers  as  a  highly  innovative  means  for  producing  economical 
light-weight  tankage. 

As  an  alternate  to  nickel  as  a  tank  liner  material,  we  addressed  the  possibility  for  electroforming 
titanium  from  a  non-aqueous  electrolyte.  One  advantage  for  titanium  might  be  in  the  containment 
of  storable  propellants  such  as  nitrogen  tetroxide  which  (if  wet)  will  attack  nickel.  Although  a  funct¬ 
ional  cell  was  set  up  in  an  argon  atmosphere,  the  deposits  were  rather  powdery  and  non-coherent. 
We  believe  this  system  can  be  made  to  work,  but  better  stability  of  the  bath  must  be  obtained. 

Since  many  tank  designers  desire  to  filament  wind  the  outer  high  modulus  jacket  first,  we  examined 
the  task  of  electroforming  nickel  onto  cured  carbon  filament  samples.  These  samples  were  tested  by 
cycling  though  cryogenic  fluids  (much  as  they  would  be  required  to  do  in  flight  tankage).  Adhesion 
of  the  nickel  to  the  carbon  composite  materials  was  very  good. 
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1.0  PROJECT  OBJECTIVES 


i'he  Phase  I  technical  objectives  to  be  met  in  demonstrating  the  merits  of  this  innovation  to 
produce  high  performance  pressurant  and  propellant  tanks  more  economically  than  conventional 
forming  and  welding  techniques  were  as  follows; 

1.1  Task  I  -  Demonstration  of  Mechanical  Properties  of  Electroformed  Nickel  of  Various 
Thicknesses 

Initially  this  task  was  intended  to  demonstrate  high  tank  wall  strengths  obtainable  with  electro- 
formed  nickel-cobalt  alloys  and  compare  these  results  with  conventional  unalloyed  nickel  deposits. 
However,  consultations  with  tank  designers  indicated  that  ductility  was  more  desireable  than  high 
strength,  since  the  high  pressure  loading  of  the  containment  vessel  would  be  carried  by  the  outer  shell 
of  filament  wound  material  having  a  much  higher  modulus.  This  redirected  our  efforts  to  evaluation 
of  conventional  nickel  electrodeposits  over  a  wide  range  of  thicknesses  and  deposition  parameters 
and  determining  the  effects  of  post  winding  cure  temperatures  on  these  properties. 

Electroforming  bath  temperatures,  bath  pH,  and  deposition  rates  (current  densities)  were  to 
be  evaluated  for  various  tank  liner  thicknesses  anticipated  for  flight  hardware.  Mechanical  property 
test  results  for  “as-deposited”  and  177°C  heat  treated  samples  were  to  be  obtained.  The  177°C  cure 
temperature  for  the  filament  winding  was  based  on  advice  fi'om  tank  design  and  manufacturing  eng¬ 
ineers,  Metallographic  examinations  were  to  be  made  to  determine  if  microstructural  similarities 
existed  between  specimens  showing  best  ductility. 

1.2  Task  II  -  Demonstration  of  Electroform  Joint  Integrity 

Simple  flat  electroformed  nickel  sheet  samples  are  to  be  joined  by  electroforming  (a  process 
known  as  “cold  welding”  demonstrate  the  unusual  bond  strengths  obtainable  by  this  process. 
Strengths  approaching  those  of  the  materials  being  joined  are  sought.  The  process  shall  be  de¬ 
monstrated  to  be  applicable  to  tank  hardware  by  using  it  to  join  two  electroformed  tank  halves  and 
testing  the  vessel  to  assure  joint  integrity  (absence  of  leaks). 

1.3  Task  in  -  Demonstration  of  Non-aqueous  Titanium  Eiectrodeposition  Process 

A  non-aqueous  titanium  eiectrodeposition  electrolyte  is  to  be  established  in  an  argon  atmos¬ 
phere  and  plating  trials  conducted  to  establish  feasibility  of  the  process.  Bath  temperature,  titanium 
concentration,  and  current  density  effects  are  to  be  studied. 

1.4  Task  rv  -  Investigation  of  Coherent  Electrodeposits  on  Carbon  Filament  Tank  Shells 

Specimens  of  cured  carbon  fiber  layups  are  to  be  surface  treated  to  improve  surface  adhesion 
characteristics  and  nickel  plated  to  demonstrate  an  alternate  approach  to  making  composite  tanks 
with  electroformed  sealing  liners.  Evaluation  shall  be  by  a  method  that  shall  verify  a  good  adhesion 
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of  the  metaJ  layer  to  the  composite  surface 


2.0  PROJECT  WORK  CONDUCTED  AND  RESULTS  OBTAINED 

2.1  I'ask  I  -  Demonstration  of  Mechanical  Properties  of  Electroformed  Nickel  of  V  arious 

Thicknesses 

Three  136  liter  electroforming  tanks  were  used  for  this  task.  Each  tank  contained  a  convent¬ 
ional  sulfamate  nickel  electrolyte  originating  from  one  common  solution  to  assure  that  no  differences 
in  chemical  composition  would  exist.  The  tanks  were  designated  Tank  A,  Tank  B,  and  Tank  C  with 
the  pH  of  Tank  A  set  and  maintained  at  3.6,  Tank  B  at  4.0,  and  Tank  C  at  4.4.  Nickel  metal  in  each 
tank  was  82.4  g/1,  boric  acid  was  3 1 .5  g/1,  and  chloride  concentration  (for  proper  anode  corrosion) 
was  0.40  g/1.  Samples  were  elearoformed  from  each  tank  at  temperatures  of  46. 1"C  ( 1 15'^F),  48.9''C 
(nO'^F),  and  51.7°C  (125T).  Using  conventional  dc  power  supplies,  samples  for  each  bath  pH  and 
bath  temperature  were  produced  at  current  densities  of  20,  30,  and  40  amperes  per  square  foot.  For 
some  samples,  pulsed  or  pulsed-periodic  current  reversal  was  used  to  determine  effect  on  grain 
structure.  Periodic  solution  analyses  were  made  and  pH  adjustments  made  as  necessary  to  control 
to  0.2  pH  units  for  each  tank.  Each  tank  was  constructed  with  a  weir  to  provide  a  compartment 
for  continuous  filtration  and  to  make  additions  when  necessary  Arrangements  were  made  for 
automated  water  additions  to  the  weir  compartment  24  hours  per  day  to  maintain  solution  volume 
and  chemistry  ranges.  Figure  1  illustrates  a  typical  tank. 


Figure  1 .  Typical  Sulfamate  Nickel  Electroforming  Tank  and  Support  Equipment. 
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TTie  plating  compartment  of  each  tank  contained  a  quartz  heater  with  a  temperature  control 
capable  of  maintaining  +/-  two  degrees  Fahrenheit.  Each  plating  compartment  was  also  equipped 
with  a  pump  designated  to  supply  a  forced  flow  of  electrolyte  perpendicular  to  the  surface  of  the 
mandrel  on  which  nickel  specimens  were  deposited.  Stainless  steel  sheet  mandrels  were  used  so  that 
thin  samples  could  be  easily  removed.  Each  mandrel  was  contained  in  a  plastic  box  shield  designed 
to  promote  uniform  deposit  thicknesses  over  the  entire  sample.  This  was  necessary  to  obtain  nickel 
deposits  that  would  react  uniformly  during  mechanical  property  testing.  To  assure  that  proper 
current  was  applied  to  electroform  each  sample,  Yokogawa  proimary  standard  quality  ammeters  were 
used  in  series  with  the  power  supplies.  Current  settings  were  made  based  on  readings  from  these 
instruments. 

All  specimens  were  cut  into  strips  suitable  for  machining  test  bars  or  foils  in  accordance  with 
ASTM  E-8.  All  mechanical  property  testing  was  subcontracted  on  purchase  orders  to  the  same  test¬ 
ing  house.  Very  thin  specimens  were  electric  discharge  machined  into  the  required  test  strips.  This 
assured  freedom  from  burrs  or  cold  working  which  might  affect  test  results.  The  same  firm  that  per¬ 
formed  thhe  mechanical  property  testing  did  the  metallographic  work.  Photomicrographs  at  lOOX 
magnification  were  supplied  for  each  sample  to  illustrate  grain  size  and  configuration. 

Appendix  A  references  all  test  information  for  nickel  electrodeposits  having  thicknesses 
greater  than  0.071  cm  (0.028  inch).  For  the  pH  3.6  bath,  best  ductility  using  conventional  dc  power 
appeared  to  occur  at  the  higher  bath  temperature  of  5 1 . 7°C  and  the  lower  current  density  of  20  ASF. 
For  pH  4.0  baths  there  appeared  to  be  no  specific  parameters  promoting  better  ductility;  most  values 
at  lower  current  densities  appeared  acceptable.  At  a  pH  of  4.4  and  conventional  dc  power,  the  better 
ductilities  seemed  to  occur  at  the  lower  bath  temperature.  Use  of  pulsed  current  appeared  to  be 
beneficial  for  ductility  in  general;  however,  pulse  with  periodic  current  reversal  provided  many  of  the 
best  ductility  results  over  all  temperatures  and  pH  values.  Test  results  for  stress  relieved  companion 
samples  are  shown  for  comparison.  Stress  relief  was  at  350°C  (650°F)  for  one  hour.  This  was  much 
higher  than  the  177°C  expected  for  tank  liners.  However,  the  thicknesses  of  these  samples  were 
greater  than  would  normally  be  used  on  tank  liners.  Stress  relieving  almost  always  resulted  in 
improved  ductility. 

Appendbc  B  summarizes  similar  test  data  for  nickel  electrodeposits  produced  at  thicknesses 
of 0.0254  to  0.0508  cm  (0.010  to  0.020  inch).  For  this  thinner  material,  the  ductilities  were  reduced 
as  expected.  The  stress  relief  at  177°C  did  not  result  in  much  improvement.  Acceptable  ductilities 
were  found  generally  at  low  current  densities  of  20  ASF  and  higher  bath  temperatures,  Pulsed 
current  was  not  used  on  this  group  of  samples. 

Limited  data,  Appendbc  C,  for  very  thin  nickel  deposits  (0.004  to  0.006  inch  thickness)  indi¬ 
cated  that  high  bath  temperature  and  low  current  density  or  moderate  bath  temperature  with  pulsed 
current  with  periodic  current  reversal  would  provide  acceptable  ductility.  From  this  data  it  is 
reasonable  to  predict  similar  benefits  to  deposits  in  the  0.01 0  to  0.020  inch  thickness  range.  Retainer 
samples  of  most  of  these  deposits  are  available  for  additional  studies  if  required. 
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Conclusions 


•  Conventional  unalloyed  nickel  deposits  can  be  produced  in  any  thickness  with  the  ductility 
deemed  suitable  for  pressurant  or  propellant  tank  liners  to  be  overwrapped  with  composite 
fibers  of  high  modulus. 

•  Low  current  densities  and  higher  bath  temperatures  generally  improve  ductility. 

•  Pulsed  curret,  and  especially  pulsed  current  with  periodic  reverse,  appears  to  improve  ductility 
significantly. 

•  Good  ductility  is  more  diflScult  to  produce  in  very  thin  electroformed  nickel  than  in  thicker 
material.  This  was  anticipated  and  may  be  due  to  the  initial  effects  of  substrate  on  the  micro¬ 
structure  of  deposits. 

2.2  Task  n  -  Demonstration  of  Electroform  Joint  Integrity 

Flat  electroformed  nickel  specimens  were  produced  at  thicknesses  of  approximately  0.005, 
0.010,  and  0.01 5  inch  thicknesses.  Each  sheet  was  cut  into  two  pieces  and  each  piece  was  butted 
against  its  companion  piece  of  similar  thickness  for  electroform  joining.  A  small  gap  was  left  between 
each  piece.  The  gap  was  made  conductive  with  siilver  pigmented  paint,  and  excess  paint  was  sanded 
from  the  individual  flat  components.  A  small  shield  was  placed  around  each  specimen  to  control  de¬ 
posit  thickness  variations.  The  adjacent  nickel  surfaces  were  anodically  treated  in  25%  by  volume 
sulfuric  acid  at  room  temperature  to  remove  any  surface  cold  work.  The  samples  were  then  rinsed 
well.  The  next  operation  was  to  cathodically  activate  the  nickel  for  subsequent  electroform  bonding. 
This  was  performed  in  25%  sulfioric  acid  at  a  current  density  of  100  ASF  for  at  least  3  minutes.  The 
samples  were  rinsed  in  sulfamic  acid  for  compatibility  with  the  plating  bath  and  to  maintain  acidity 
of  the  surface  to  deter  oxidation.  They  entered  the  electroforming  bath  with  voltage  applied  so  as 
to  start  plating  immediately.  At  least  0.010  inch  thickness  of  nickel  was  applied  to  the  “cold  weld” 
joint.  Strips  were  then  cut  out  so  as  to  produce  tensile  test  bars  with  the  electroform  weld  as  a  part 
of  the  cross-section.  Testing  was  performed  with  the  following  results; 

COLD  WELD  TENSILE  TEST  RESULTS 


Sample  No. 

Thickness  (in) 

Yield  Str.  (Ksi) 

Tensile  Str  (ksi) 

Elong.  In2in,% 

CF  4005 

0.0047 

116 

140 

6 

CF  4010 

0.0093 

104 

128 

7 

CF  4015 

0.0130 

121 

149 

3.5 

A  thin  wall  (approximately  0.012  inch  thickness)  containment  vessel  was  electroformed  over 
a  mandrel  machined  from  high  density  polystyrene.  A  hole  was  machined  through  the  center  of  the 
mandrel  in  a  direction  parallel  to  the  major  axis  of  the  tank  with  location  at  the  center  of  this  major 
axis.  This  provided  means  for  attaching  stainless  steel  fill/drain  ports  at  each  end  with  the  ability  to 
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hold  these  ports  firmly  in  place  with  lock-nuts.  The  fittings  (ports)  were  masked  so  that  the  mandrel 
could  be  spray  painted  with  a  silver  pigmented  conductive  coating.  The  masking  was  removed  from 
the  ports  and  the  entire  assembly  was  mounted  on  a  horizontal  rotating  fixture  equipped  with  a  spring 
lo^ided  contact  rod  to  pass  current  to  the  metal  ports  and  hence  to  the  silver  conductive  coating.  The 
rotating  fixture  contained  a  variable  speed  drive  motor  electrically  isolated  from  the  part  by  plastic 
drve  gears. 

Once  the  tank  liner  was  electroformed,  the  tank  liner  was  carefully  cut  in  half  at  the  center  of 
the  cylindrical  section.  The  liner  halves  were  physically  removed  from  the  mandrel.  A  new  cylindrical 
plastic  mandrel  section  was  made  onto  which  the  two  tank  halves  were  abutted.  Silver  paint  was 
applied  to  seal  the  openings  in  the  “cold  weld”  gap,  and  excess  silver  removes  by  sanding  with  fine 
grit  paper.  The  tank  halves  not  to  receive  electrodeposit  were  tape  masked.  The  exposed  surfaces 
were  cleaned  and  activated  by  the  previously  described  means.  After  suitable  electroforming  time  for 
a  closeout,  the  part  was  inspected  and  reworked  as  needed  until  visually  acceptable.  The  mandrel  was 
dissolved  and  the  part  subjected  to  hydrostatic  pressurization  to  about  200  psig.  The  reworked  part 
showed  no  leakage  and  was  considered  a  success.  Figure  2  illustrates  various  stages  of  the 
electroform  “cold  welding”  utilized  in  this  task. 

Conclusions 

#  Electroforming  can  be  used  as  a  very  effective  means  for  joining  two  metals  together  without 

the  use  of  thermal  means.  This  preserves  material  properties  since  there  is  no  heat  affected 

zone. 

•  Electroform  “cold  welding”  has  been  successfully  demonstrated  in  joining  two  tank  halves 

together  with  a  high  integrity  joint. 

2.3  Task  IQ  -  Demonstration  of  Non-aqueous  Titanium  Electrodeposition  Process 

Titanium  can  not  be  electroplated  from  aqueous  (water  containing)  electrolytes  because  water  will 
electrolytically  break  down  before  the  deposition  potential  of  titanium  is  reached.  This  necessitates 
the  use  of  non-aqueous  electrolytes  such  as  used  to  electrodeposit  aluminum.  Deposition  must  be 
conducted  in  an  atmosphere  containing  no  oxygen  or  water.  For  this  task  a  glove  box  was  used  to 
house  the  electroplating  facility.  Argon  was  supplied  to  the  glove  box  through  feed  ports  in  the  glove 
box  wall  to  expell  oxygen.  The  glove  box  interior  was  kept  at  a  slightly  positive  pressure  using  the 
Argon  gas.  The  plating  apparatus  consisted  of  a  hotplate,  a  container  for  a  non-aqueous  liquid  to 
serve  as  a  heating  jacket  for  the  beaker  in  which  plating  was  to  be  conducted,  and  a  power  supply 
located  outside  of  the  glove  box  and  having  electrical  leads  attached  to  positive  and  negative  posts 
mounted  through  the  glove  box  wall.  A  dessicant  container  was  attached  in  series  to  the  Argon 
supply  line  to  reduce  chances  of  introducing  water  to  the  box  interior.  An  illustration  of  the  facility 
is  found  in  Figure  3. 

A  one  liter  volume  of  electrolyte  was  prepared  by  adding  reagent  grade  titanium  tetrachloride 
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10  a  solvent  composea  oi  8U  percent  oy  volume  toluene  ana  /u  percent  oy  volume  etnyioenzene  i  ms 
electrolyte  is  similar  to  the  baths  usea  by  yniearhi  ana  Lapuano  m  their  stuhies  of  aluminum  plating 
solutions  All  requirea  chemicals  ana  equipment  were  piacea  in  the  glove  box  which  was  seaiea  to 
prevent  entry  of  airborne  moisture  ana  oxygen,  i  he  glove  box  atmosphere  was  purged  with  argon 
for  several  hours  fitanium  tetrachionae  ( Aidnch  yv.y%j  was  added  to  the  organic  electrolyte  to 
produce  a  solution  of  0.5  molarity  TiCi,.  Upon  opening  the  titanium  tetrachloride,  a  small  amount 
of  Hcl  formation  was  noted  indicating  that  a  trace  of  air  was  still  in  the  enclosure.  Since  it  is  desired 
to  electrodeposit  titanium  from  a  valence  state  lower  than  four,  a  reduction  process  was  needed.  A 
small  amount  of  magnesium  powder  was  added  to  the  electrolyte  to  reduce  most  of  the  titanium  to 
the  plus  two  valence.  The  solution  was  expected  to  turn  to  a  yellowish  color;  however,  a  red-orange 
color  was  noted  along  with  some  precipitation  believed  to  be  titanium  dioxide.  This  settled  to  the 
bottom  of  the  plating  vessel  which  was  a  one  liter  heavy  wall  flask. 


Initial  plating  attempts  did  not  yield  any  significant  titanium  deposits  due  to  the  great  difficulty 
in  obtaining  suitable  conductivity  in  the  electrolyte.  A  conductivizing  salt  was  needed.  Lithium 
chloride  was  added  but  the  solubility  was  limited  and  little  improvement  in  conductivity  was  noted. 
Addition  of  lithium  acetate  was  more  successful.  More  plating  trials  were  made  but  any  deposits 
obtained  were  either  unstable  or  of  powdery,  non-coherent  quality.  Figure  3  illustrates  the  glove  box 
facility. 


Figure  3.  Glove  Box  Facility  in  Which  Titanium  Plating  Trials  Were  Conducted 


Conclusions 

•  -An  electrolyte  for  deposition  of  titanium  using  toluene-ethylbenzene  is  feasible,  it  can  be 
formulated  with  suitable  conductivity 
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#  Better  protection  of  the  facility  to  exclude  moisture  and  oxygen  is  needed.  Use  of  in-line 
dessicants  and  greater  argon  or  nitrogen  purge  rates  are  required.  It  may  also  be  preferred 
to  use  titanium  chloride  premixed  with  toluene  to  prepare  the  bath.  This  decreases  the  risk 
of  contamination  when  mixing  the  electrolyte.  Direct  argon  or  nitrogen  purging  of  the  plat¬ 
ing  vessel  (in  addition  to  the  glove  box)  might  be  beneficial.  It  would  also  be  preferred  to  use 
magnesium  ribbon  instead  of  the  powder  which  is  prone  to  surface  oxidation. 


2 A  Task  4  -  Investigatrion  of  Coherent  Electrodeposits  on  Carbon  Filament  Tank  Shells 

Samples  of  cured  carbon  fiilament  wound  plates  were  supplied  by  GenCorp  Aerojet  for  nickel 
plating  to  evaluate  bond  strength.  Each  specimen  was  2  inches  by  3  inches  and  about  0. 1 50  inch  in 
thickness.  Surface  preparation  consisted  of  sanding  the  surface  to  be  plated  using  320  grit 
metallurgical  paper.  Only  one  surface  was  prepared  and  the  backside  was  masked.  The  sanded 
surface  was  detergent  cleaned  and  rinsed  to  remove  any  particulate  matter  from  the  prepared  surface. 
Nickel  was  deposited  from  a  conventional  sulfamate  bath  operated  at  47.8®C  (1 18®F)  starting  at  0.54 
A/dm^  (5  ASF).  The  current  was  gradually  increased  to  2. 15  A/dm^  (20  ASF)  until  at  least  09.005 
inch  of  nickel  was  deposited.  Three  samples  were  thus  electroplated  and  submitted  to  Gencorp 
Aerojet  for  evaluation. 

Testing  consisted  of  thermal  shock  cycling  whereby  samples  were  submerged  in  liquid 
nitrogen,  withdrawn,  and  recycled  for  a  number  of  times.  There  were  no  signs  of  separation  of  the 
deposits  from  the  carbon  filament  substrates. 

Conclusions 

#  Nickel  sealant  liners  can  be  electrodeposited  on  interiors  of  carbon  filament  wound  outer 
shells  to  provide  an  alternate  means  of  fabricating  propellant  tanks  and  pressure  vessels.  The 
adhesion  of  such  deposits  is  suitable  for  use  in  vessels  requiring  cryogenic  cycling. 

3.0  Recommendations  for  Future  Studies  and  Demonstrations 

#  Demonstrate  that  baffles  can  be  integrated  into  electroformed  tank  liners  to  minimize  slosh¬ 
ing  at  a  minimal  cost. 

#  Evaluate  inexpensive  means  to  produce  tank  liner  mandrels  which  are  presently  a  major  time 
and  cost  restraint  in  electroforming  tank  liners. 

#  Show  that  lighter  weight  fill  and  drain  ports  can  be  integrated  into  the  tank  liner  with  good 
structural  integrity. 

#  Continue  the  titanium  deposition  effort  using  improved  atmospheric  control  measures. 
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APPENDIX  A 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS 
FOR  AS-DEPOSITED  AND  STRESS  RELIEVED  NICKEL  DEPOSITS 
FROM  SULFAMATE  BATHS  -  DEPOSIT  THICKNESSES  IN 
EXCESS  OF  0.071  CM  (0.028  INCHES) 

1998  STUDY  IN  136  LITER  BATHS 


A-1 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  3.6 
iiemistrv  Sample  A1 15-20  Sample  A 115-30  Sample  A1 15-40 


Chemistry 

Nickel  Metal,  g/l 
Bone  Acid,  g/1 
Chlonde.  e/1 


Operating  Conditions 

pH  3.6 

Bath  Temperature,  46. 1 

Filtration.  Micron  Rating  20 

Current  Mode  Conventional  do 

Cuirent  Densit} .  A/dm~  2.15 

Anodes  Ni 

Solution  Agitation  Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm  0.117 

Ultimate  Strength,  ksi  1 14.80 

y leld  Strength,  ksi  65.83 

Elongation  m  5.08  Cm,  %  7.5 

Vickers  Hardness,  100  g  Load _ 206 

Stress  Relieved  at  350®C  for  1  Hour 

Thickness,  Cm  0.122 

Ultimate  Strength,  ksi  7 3 .22 

Yield  Strength,  ksi  44.77 

Elongation  in  5.08  Cm,  %  2 1 .5 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

A1 15-20 


3.6 

46,1 

20 

Conventional  dc 
3  23 
SD  Ni 

Single  Spray  Nozzle 


3.6 

46.1 

20 

Conventional  dc 
4.30 
SD  Ni 

Single  Spray  Nozzle 


Al  15-30 


A1 15-40 


Figure  A-1 .  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  46  TC 

Using  Conventional  Current, 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  3.6 


Chemist 


Sample  A115-20A  Sample  A115-20B  Sample  A115-20C 


Operating  Conditions 


pH 

Bath  Temperature,  ®C 

Filtration,  Micron  Rating 

Current  Mcxie 

Pulse  or  PR  Timing,  Msec 

Current  Densit}'.  A/dm' 

Anodes 

Solution  Agitation 

Physical  Properties 


As-Deposited 
Thickness,  Cm 
Ultimate  Strength,  ksi 
Yield  Strength,  ksi 
Elongation  in  5.08  Cm,  % 
Vickers  Hardness,  100  g  Load 
Stress  Relieved  at  350°C  for  1  Hour 
Thickness,  Cm 
Ultimate  Strength,  ksi 
Yield  Strength,  ksi 
Elongation  m  5.08  Cm,  % 


2.4 

82.4 

82.4 

1,5 

31.5 

315 

K)6 

0.406 

0.406 

3.6 

46.1 

20 

Pulsed,  50%  Dut\-  Cvcle 
5  On,  5  Off 
2.15  Average 
SD  Ni  '' 

Single  Sprav  Nozzle 


0.107 

104.60 

61.55 

6.0 

221 


3.6 

46.1 

20 

Pulsed,  20%  Dutv'  Cvcle 
2  On.  8  Off 
2.15  Average  2 
SDNi 

Single  Spray  Nozzle 


0.140 

120.70 

82.55 

8.5 

221 


46  1 
20 

Penodic  Reversed 
8  Forward,  2  Reverse 
1 5  Forward,  1 .08  Reverse 
SD  Ni 

Single  Spray  Nozzle 


0.112 

104.40 

67.78 

13.5 

206 


As  Deposited: 


A1]5-20A  A115-20B  A115-20C 


Figure  A-2.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  46, 1°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.rC  AND  PH  OF  3.6 


Chemistry 

Sample  A115-30A 

Sample  A115-30B 

Sample  A115-30C 

Nickel  Metal,  g/1 

82.4 

Bone  Acid,  g/l 

31.5 

Chlonde,  e/1 

0.406 

pH 

3.6 

3,6 

3.6 

Bath  Temperature,  °C 

46.1 

46.1 

46. 1 

Filtration.  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed.  50%  Dut\'  Cvcle 

Pulsed,  30%  Dut\'  Cycle 

Penodic  Reversed 

Pulse  or  PR  Timmg.  Msec 

5  On,  5  Ofi' 

3  On,  7  Off 

8  FopA''ard,  2  Reverse 

Current  Densitv,  A/din' 

3.23  Average 

3.23  Average 

3.23  Forward,  1 .62  Reverse 

Anodes 

SDNi 

SU  Ni 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness.  Cm 

0.102 

0.099 

0.058 

Ultimate  Strength,  ksi 

72.00 

79.82 

92.33 

Yield  Strength,  ksi 

46.50 

52.78 

73.17 

Elongation  in  5.08  Cm,  % 

17.5 

12.5 

9.5 

Vickers  Hardness.  100  g  Load 

177 

181 

206 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness.  Cm 

0.099 

0.104 

0.056 

Ultimate  Strength,  ksi 

70.62 

70.94 

73.37 

Yield  Strength,  ksi 

52.20 

47.38 

52,08 

Elongation  m  5.08  Cm,  % 

10.0 

20.5 

15.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

Ans-30A 

A115-30B 

A1 15-30C 

Figure  A-3  Test  Data  for  Thick  Nickel  Deposits  from  pH  3 .6  Sulfamate  Baths  at  46. 1  °C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48:9°C  AND  PH  OF  3.6 


Chemistry 

Sample  A 120-20 

Sample  A120-30 

Sample  A120-40 

Nickel  Metal,  g/l 

82.4 

82.4 

82.4 

Bone  Acid,  g/l 

31,5 

31.5 

,  31.5 

Chlonde,  g/l 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature,  °C 

48.9 

48.9 

48.9 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densinu.  A/dm" 

2.15 

3.23 

4.30 

Anodes 

SD  Ni 

SDNi 

SD  Ni 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 


Thickness,  Cm 

0.150 

0  124 

0.114 

Ultimate  Strength,  ksi 

108.10 

102.00 

93.18 

Yield  Strength,  ksi 

70.17 

73.88 

66.84 

Elongation  m  5.08  Cm,  % 

15.0 

5.0 

6.5 

Vickers  Hardness,  100  g  I^ad 

193 

221 

190 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.152 

0.130 

0.107 

Ultimate  Strength,  ksi 

87.82 

85.16 

88.81 

Yield  Strength,  ksi 

65.74 

54.30 

62.35 

Elongation  in  5.08  Cm,  % 

20.5 

12.0 

6.5 

Photomicrographs  (100  X  Magnification) 

As  Deposited; 

A 120-20 

A 120-30 

A1 20-40 

Figure  A-4.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9°C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  3.6 


Chemistry 


Nickel  Metal,  g/1 
Bone  Acid,  g/l 
Chlonde. 


m 


Sample  A120-20A 


Sample  A120-20C 


Operating  Conditions 

pH  3.6 

Bath  T emperature ,  °  C  48  9 

Filtration,  Micron  Rating  20 

Current  Mode  Pulsed,  50%  DuU'  Cycle 

Pulse  or  PR  Timing,  Msec  5  On,  5  Off 

Current  Densit}*,  A/dm‘  2.15  Average 

Anodes  SD  Ni 

Solution  Agitation  Single  Spray  Nozzle 


Physical  Properties 

As-Deposited 

Thickness,  Cm  0. 152 

Ultimate  Strength,  ksi  98.08 

Y leld  Strength,  ksi  62 .62 

Elongation  in  5.08  Cm,  %  10.0 

Vickers  Hardness,  100  g  Load _ 228 

Stress  Relieved  at  350°C  for  1  Flour 

Thickness,  Cm  0. 1 47 

Ultimate  Strength,  ksi  79.54 

Y ield  Strength,  ksi  56.45 

Elongation  m  5.08  Cm,  %  1 5.0 


Photomicrographs  (100  X  Magnification) 

As  Deposited: 

A 1 20-20 A 


Sample  A120-20B 


82.4 
31  5 
0406 


3  6  3,6 

48  9  48,9 

20  20 

Pulsed,  20%  Duty  Cycle  Penodic  Reversed 
2  On,  8  Ofl'  8  Forward-  2  Reverse 

2.15  Average  ,2.15  Forward,  1 .08  Reverse 
SD  Ni  SD  Ni 

Single  Spray  Nozzle  Single  Spray  Nozzle 


A120-20B 


A120-20C 


Figure  A-5.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9''C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  3.6 


Chemistry 

Sample  A 120-30 A 

Sample  A120-30B 

Sample  A120-30C 

Nickel  MelaL  g/l 

82.4 

82.4 

82.4 

Bone  Acid,  g/l 

31.5 

31.5 

31.5 

Chlonde,  g/l 

0.406 

0.4(j6 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  lemperature.. 

48.9 

48.9 

48.9 

Filiraiion,  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed.  50%  Dut\'  Cvcle 

Pulsed,  20%  Dut}-  Cycle 

Periodic  Reversed 

Pulse  or  PR  T iming.  Msec 

5  On.  5  Ofl' 

2  On.  8  Otr 

8  Fonvai'd.  2  Reverse 

Current  Density,  A/dm" 

3.23  Average 

3.23  Average 

3.23  Forward.  1 .62  Reverse 

Anodes 

.SD  Ni 

SDNi 

SD  Ni 

Solution  Agitation 

Smgle  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness.  Cm 

0.135 

Ultimate  Strength,  ksi 

75.02 

Yield  Strength,  ksi 

46.89 

Elongation  m  5.08  Cm.  % 

16.5 

Vickers  Hardness,  100  g  Load 

187 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.132 

Ultimate  Strength,  ksi 

71.35 

Yield  Strength,  ksi 

49.60 

Elongation  in  5.08  Cm,  % 

12.5 

Photomicrographs  (100  X  Magnification) 

As  Deposited 


A120-30A  A120-30B  A120-30C 


Figure  A-6  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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20 

Conventional  dc 
3.23 
SD  Ni 

Smele  Sprav  Nozzle 


3.6 

51.7- 

20 

Conventional  dc 
4.30 
SDNi 

Sinele  Spray  Nozzle 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  3.6 
hemistrv  Sample  A125-20  Sample  A125-30  Sample  A125-40 


Chemistry  Sample  A125- 

Nickel  Metal,  g/1  82.4 

Bone  A.cid,  g/1  31.5 

Chlonde,  g/l  0  406 

Operating  Conditions 

pH  _3.6 

Bath  Temperature,  ""C  51./ 

Filtration,  Micron  Rating  20 

Current  Mode  Conventional  dc 

Current  Density,  Aidm'  2.15 

Anodes  SD  Ni 

Solution  Agitation  Single  Spray  Nozzle 

Physical  Properties 

As-Deposited  (1)  (2) 

Thickness,  Cm  0.147  0.145 

Ultimate  vStrength,  ksi  107  20  105.90 

Yield  Strength,  ksi  75.86  68.51 

Elongation  m  5.08  Cm,  %  15.5  14.5 

Vickers  Hardness,  100  g  Load _ 228 _ 216 

Stress  Relieved  at  350®C  for  1  Hour 

Thickness,  Cm  0. 1 45  0. 1 42 

Ultimate  Strength,  ksi  89  48  86 . 2^ 

Yield  Strength,  ksi  57  67  59. 2S 

Elongation  in  5.08  Cm,  %  16.d  18.C 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

A1 25-20 


(1) 
0.147 
107  20 
75.86 
15.5 
228 


(2) 

0.145 

105.90 

68.51 

14.5 

216 


A125-30 


A1 25-40 


Figure  A-7.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3  6  Sulfamate  Baths  at  51.7  C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  3.6 


Chemistry 

Sample  A125-20A 

Sample  A125-20B 

Sample  A125-20C 

Nickel  MetaL  g/1 

82.4 

82.4 

82,4 

Bone  Acid,  g/l 

31.5 

315 

31.5 

Chlonde,  g/l 

0.406 

0.406 

0406 

Ooerating  Conditions 

pH 

3.6 

3.6 

3,6 

Bath  Temperature, 

51.7 

51.7 

51./ 

Filtration,  Micron  Ratmg 

20 

20 

20 

Current  Mode 

Pulsed.  50%  Dutv’  Cvcle 

Pulsed,  20%  Duty  Cycle 

Penodic  Reversed 

Pulse  or  PR  Timing,  Msec 

5  On,  5  Off 

2  On,  8  Off 

8  Forward,  2  Reverse 

Current  Densit\%  AJdnr 

2.15  Average 

2. 15  Average  2 

15  Forward,  1 .08  Reverse 

Anodes 

SDNi 

SDNi 

SDN) 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Sprav  Nozzle 

Smgle  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness.  Cm 

0.145 

0.117 

0.1 14 

Ultimate  Strength,  ksi 

102.70 

108.50 

101.60 

Yield  Strength,  ksi 

70.66 

70.44 

67.14 

Elongation  m  5.08  Cm,  % 

9.0 

10.0 

13,0 

Vickers  Hardness,  100  g  Load 

222 

221 

206 

Stress  Reheved  at  350®C  for  1  Hour 

Thickness.  Cm 

0.150 

0.117 

0.112 

Ultimate  Strength,  ksi 

83.89 

84.05 

81.15 

Yield  Strength,  ksi 

59.73 

55,75 

49.59 

Elongation  in  5.08  Cm,  % 

16.0 

17.5 

21.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

A125-20A 

A125-20B 

A125-20C 

Figure  A-8.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  51 .7°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7^C  AND  PH  OF  3.6 
Chemistry  Sample  A125-30A  Sample  A125-30B  Sample  A125-30C 


Nickel  Metal,  g/1  82.4 

Bone  Acid,  g/1  31.5 

Chlonde,  g/l  _  0-406 


Operating  Conditions 

pH  3.6 

Bath  Temperature.  5 1 .7 

Filtration,  Micron  Rating  20 

Current  Mode  Pulsed,  50%  Dutv'  Cycle 

Pulse  or  PR  Timing,  Msec  5  On,  5  Off 

Current  DensiU’,  A/drtr  3 .23  Average 

Anodes  SD  Ni 

Solution  Agitation  Single  Spray  Nozzle 


Physical  Properties 

A^-Deposited 

Thickness,  Cm  0.084 

Ultimate  Strength,  ksi  97.89 

Yield  Strength,  ksi  66.87 

Elongation  in  5.08  Cm,  %  8.0 

Vickers  Hardness,  100  gLoad _ 206 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm  0.081 

Ultimate  Strength,  ksi  84.47 

Yield  Strength,  ksi  59.01 

Elongation  in  5.08  Cm,  %  8.0 


3.6 
51  7 
20 

Pulsed,  20%  Duty'  Cycle 
2  On,  8  Off 
3.23  Average  : 
SDNi 

Single  Sprav  Nozzle 


3.6 

51.7 

20 

Penodic  Reversed 
8  Forward.  2  Reverse 
23  Forward,  1.62  Reverse 
SD  Ni 

Smgle  Spray  Nozzle 


0.084 

0.104 

0.117 

97.89 

99.42 

79.95 

66,87 

69.35 

50.99 

8.0 

10.0 

11.0 

206 

206 

193 

0.081 

0.099 

0.114 

84.47 

81.22 

73.32 

59.01 

54.57 

42.85 

8.0 

15.5 

24.0 

MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  4.0 


Chemistry 

Sample  B1 15-20 

Sample  B1 15-30 

Sample  B1 15-40 

Nickel  Metal,  g/l 

82.4 

82.4 

82.4 

Bone  Acid,  g/l 

31.5 

31.5 

31.5 

Chloride,  g/l 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature,  °C 

46.1 

46.1 

46,1 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Density,  A/dm^ 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

(1)  (2) 

Thickness,  Cm 

0.124  0.163 

0.102 

0.107 

Ultimate  Strength,  ksi 

117,80  122.00 

87.00 

90.48 

Yield  Strength,  ksi 

74.85  88.08 

61.50 

54.29 

Elongation  in  5.08  Cm,  % 

12,0  10.0 

10.0 

8.0 

Vickers  Hardness,  100  g  Load 

170  237 

247 

197 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.114  0.160 

0.099 

0,104 

Ultimate  Strength,  ksi 

93,32  83,62 

77.47 

85.67 

Yield  Strength,  ksi 

65.90  61.02 

54.79 

62.92 

Elongation  m  5.08  Cm,  % 

20.0  25.0 

16.0 

10.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


B1 15-20  B1 15-30  Bn5-40 


Figure  A-1 0  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.0  Sulfamate  Baths  at  46. 1  °C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 


Chemistry 

Sample  B115-20A 

Sample  B115-20B 

Sample  B115-20C 

Nickel  MetaL  g/1 

82.4 

82.4 

82.4 

Boric  Acid,  g/1 

31.5 

31.5 

31,5 

Chloride,  g/l 

0.406 

0.406 

0.406 

Ooerating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature, 

46.1 

46.1 

46. 1 

Filtration.  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed,  50%  Dutv  Cvcle 

Pulsed,  20%  Duty  Cycle 

Pencxiic  Reversed 

Pulse  or  PR  Timing,  Msec 

5  On.  5  Off 

2  On,  8  Off' 

8  Forward,  2  Reverse 

Current  Density.  A/dm‘ 

2.15  Average 

2. 15  Average  2, 

15  Forward.  1.08  Reverse 

Anodes 

SDNi 

SDNi 

SDNi 

Solution  Agitation 

Single  Sprav  Nozzle 

Single  Sprav  Nozzle 

Single  Spray  Nozzle 

Physical  Prooerties 

As-Deposited 

Thickness,  Cm 

0.112 

0.132 

0.114 

Ultimate  Strength,  ksi 

118.60 

123.60 

123.10 

Yield  Strength,  ksi 

90.09 

81.00 

76.50 

Eloneation  in  5.08  Cm,  % 

5.5 

ll.O 

9.0 

Vickers  Hardness.  100  g  Load 

213 

221 

206 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.112 

0,132 

0.1 19 

Ultimate  Strength,  ksi 

93.55 

104.40 

91.62 

Yield  Strength,  ksi 

67.63 

67.43 

60.66 

Elongation  in  5.08  Cm,  % 

19.5 

20.0 

14.5 

As  Deposited: 


B115-20A 


B115-20B 


B115-20C 


Figure  A-1 1  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.0  Suifamate  Baths  at  46. 1°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  4.0 


Operating  Conditions 

pH 

Bath  Temperature, 

Filtration.  Micron  Rating 

Current  Mode 

Pulse  or  PR  Timmg,  Msec 

Current  Densit\%  A/dm‘ 

Anodes 

Solution  Agitation 


4.0 

4.0 

4.0 

46.1 

46,1 

46.1 

20 

20 

20 

Pulsed,  50%  Dut\'  Cycle 

Pulsed,  30%  Dut\^  Cycle 

Penodic  Reversed 

5  On,  5  Ofl' 

3  On,  7  Oil’ 

8  Forward.  2  Reverse 

3.23  Average 

3.23  Average  3 

1  23  Forward,  1.62  Reverse 

SD  Ml 

SDNi 

SD  Ml 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Smgle  Spray  Nozzle 

Physical  Properties 


As-Deposited 


Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  in  5.08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0.114 

74.52 

49.38 

15.0 

180 

0.099 

119.50 

77.98 

7.5 

193 

0.124 

99.39 

63  29 
11.0 
193 

Stress  Relieved  at  350*^C  for  1  Hour 
Thickness,  Cm 

0.117 

0.102 

0.124 

Ultimate  Strength,  ksi 

67.08 

83.00 

86.03 

Yield  Strength,  ksi 

45.30 

53.68 

61.13 

Elongation  m  5.08  Cm.  % 

20.0 

17.5 

11.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

B115-30A  Bn5-30B  B115-30C 


Figure  A- 12.  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.0  Sulfamate  Baths  at  46. 1°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  4.0 


Chemistry 

Sample  B120-20 

Sample  B 120-30 

Sample  B120-40 

Nickel  Metal  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31,5 

31.5 

Chlonde,  g/1 

0,406 

0.406 

0.406 

Operating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature,  °C 

48.9 

48.9 

48.9 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densit\-,  A/dm" 

2.15 

3.23 

4.30 

Anodes 

SD  Ni 

SD  Ni 

SD  Ni 

Solution  Agitation 

Smgle  Spray  Nozzle 

Smgle  Sprav  Nozzle 

Smgle  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.124 

0.119 

0.127 

Ultimate  Strength,  ksi 

117.80 

128.20 

73.31 

Yield  Strength,  ksi 

74.85 

90.45 

47.81 

Elongation  in  5.08  Cm,  % 

12.0 

6,5 

16.0 

Vickers  Hardness,  100  g  Load 

170 

237 

176 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.114 

0.119 

0.130 

Ultimate  Strength,  ksi 

93.32 

92.22 

75.88 

Yield  Strength,  ksi 

65.90 

67.26 

51.75 

Elongation  m  5  .08  Cm,  % 

19.5 

15.0 

17.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


B 120-20 


B 120-30 


B 120-40 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  4.0 


Operating  Conditions 


pH 

Bath  Temperature, 

Filtration,  Micron  Rating 

Current  Mode 

Pulse  or  PR  Timing,  Msec 

Current  Densm'.  A/'dm^ 

Anodes 

Solution  Agitation 


Physical  Properties 


As-Deposited 


4.0 

48.9 

20 

Pulsed,  50%  Duty  Cycle 
5  On,  5  OIT 
2.15  Average 
SD  Ni 

Single  Spray  Nozzle 


4.0 

48.9 

20 

Pulsed,  20%  Dut\^  Cycle 
2  On.  8  OS 
2.15  Average  ^ 
SD  Ni 

Single  Spray  Nozzle 


4.0 

48.9 

20 

Penodic  Reversed 
8  Forward,  2  Reverse 
1 5  Forw^ard.  1 .08  Reverse 
SD  Ni 

Smeie  Sprav  Nozzle 


Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  in  5.08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0.132 

119.50 

80.66 

7.5 

237 

0.132 

111.10 

80.84 

8.5 

237 

0.119 

102,80 

69.37 

14.0 

221 

Stress  Relieved  at  350°C  for  1  Hour 
Thickness,  Cm 

0.132 

0.130 

0.119 

Ultimate  Strength,  ksi 

90.21 

77.04 

86.90 

Yield  Strength,  ksi 

70.72 

50.97 

61.89 

Elongation  m  5.08  Cm,  % 

14.0 

28.5 

14.0 

Photomicrographs  (100  X  Magnification) 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9”C  AND  PH  OF  4.0 


Chemistry _ Sample  B120-30A  Sample  B120-30B  Sample  B120-30C 

Nickel  Metal,  g/l  82.4  82.4  82.4 

Boric  Acid,  g/1  31.5  31.5  _ 

Chloride,  gd  0406 _  0^06  0406  . . 


Operating  Conditions  _ 


Photomicrographs  (100  X  Magnification) 

As  Deposited; 

B120-30A  B120-30B 


B120.30C 


Figure  A-1 5.  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.0  Sulfamate  Baths  at  48.9°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  4.0 

Sample  B125-20  Sample  B125-30  Sample  B1 25-40 


Chemist: 


N 

B 

C 


Operating  Conditions 

pH 

Bath  Temperature,  °C 
Filtration,  Micron  Rating 
Current  Mode 
Current  Density,  A/dm* 
Anodes 

Solution  Amtanon 


Physical  Properties 


.4 

8: 

.5 

3 

)6 

0.^ 

■ 


4.0 

51.7 

20 

Conventional  dc 
2.15 
SD  Ni 

Single  Spray  Nozzle 


4,0 

51.7 

20 

Conventional  dc 
3.23 
SD  Ni 

Single  Sprav  Nozzle 


4.0 

51.7 

20 

Conventional  dc 
4.30 
SD  Ni 

Single  Sprav  Nozzle 


As-Deposited 

Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  in  5.08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0.048  (Thm) 

138  40 

98.42 

11.0 

237 

0.109 

97.15 

72.74 

7.5 

206 

0.130 

90.84 

71.04 

11.5 

233 

Stress  Relieved  at  350®C  for  1  Hour 
Thickness,  Cm 

0.051 

0.109 

0.130 

Ultimate  Strength,  ksi 

96.12 

86.56 

69.10 

Yield  Strength,  ksi 

74.20 

61.23 

41.15 

Elongation  m  5,08  Cm,  % 

14.5 

19.0 

18.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


HI  25-20 


H125-30 


B1 25-40 


Figure  A- 16.  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.0  Sulfamate  Baths  at  51 .7°C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  4.0 


Chemistry 

Sample  B125-20A 

Sample  B125-20B 

Sample  B125-20C 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Boric  Acid,  g/1 

31.5 

31.5 

31  5 

Chloride,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4.0 

4,0 

4  0 

Bath  Temperature, 

51,7 

51.7 

51  7 

Filtration,  Micron  Ralmg 

20 

20 

20 

Current  Mode 

Pulsed,  50%  Dut\'  Cycle 

Pulsed,  20%  Duty’  Cycle 

Periodic  Reversed 

Pulse  or  PR  Timmg,  Msec 

5  On,  5  Ofl' 

2  On,  8  Ofi' 

8  Foru^ard,  2  Reverse 

Current  Density,  A/dm" 

2.15  Average 

2.15  Average  2. 

1 5  Forw'ard,  1 .08  Reverse 

Anodes 

SDNi 

SD  Ni 

SD  Ni 

SoluiionAgitaUon^_^^^^^^^^Sin^eS£r^^No^le_^^__^_^Sin|lfiS£rOTNo^le^_____SmeleS£r^Noz^ 


Physical  Properties 


As-Deposited 

Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  in  5.08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0.117 

104.20 

64.57 

11.5 

221 

0.117 

110.00 

75.33 

9.5 

228 

0.122 

1 11.20 

79.46 

10.0 

234 

Stress  Relieved  at  350°C  for  I  Hour 
Thickness,  Cm 

0.119 

0.122 

0.124 

Ultimate  Strength,  ksi 

82.14 

84.57 

96,97 

Yield  Strength,  ksi 

58.13 

61.88 

71.92 

Elongation  m  5.08  Cm,  % 

14.0 

13.0 

16.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


B125-20A  B125-20B  B125-20C 


Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  5L7®C  AND  PH  OF  4.0 


Chemistry 

Sample  B 125-30 A 

Sample  B125-30B 

Sample  B125-30C 

Nickel  Metal,  g/1 

82.4 

82.4 

824 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chlonde,  g/1 

0.406 

0406 

0.406 

Operating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature.  ®C 

51.7 

51  7 

51.7 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed,  50%  DuU'  Cycle 

Pulsed,  20%  Dutv  Cycle 

Penodic  Reversed 

Pulse  or  PR  Timing,  Msec 

5  On,  5  Ofl' 

2  On.  8  Ofl' 

8  ForNvard,  2  Reverse 

Current  DensiU-,  A/dxrr 

3.23  Average 

3.23  Average  3 

.23  Forward,  1 .62  Reverse 

Anodes 

SD  Ni 

SDNi 

SD  Ni 

Solution  Agitation 

Smgle  Spray  Nozzle 

Single  Spray  Nozzle 

Smgle  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.107 

Ultimate  Strength,  ksi 

113.40 

Yield  Strength,  ksi 

76.05 

Elongation  in  5.08  Cm,  % 

12.5 

Vickers  Hardness,  100  g  Load 

221 

Stress  Relieved  at  350®C  ior  1  Hour 

Thickness,  Cm 

0.109 

Ultimate  Strength,  ksi 

94.14 

Yield  Strength,  ksi 

68.30 

Elongation  m  5.08  Cm,  % 

15.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


B125-30A  B125-30B  B125-30C 


Figure  A-18.  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.0  Sulfamate  Baths  at  51.7°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  4.4 


Chemistry 

Sample  Cl  15-20 

Sample  Cl  15-30 

Sample  Cl  15-40 

Nickei  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31  5 

31.5 

Chionde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4.4 

4.4 

4.4 

Bath  Temperature,  °C 

46.1 

46.1 

46.1 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densitw  A/dm“ 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 


Thickness,  Cm 

0  160 

0.224 

0.130 

Ultimate  Strength,  ksi 

110.60 

98.64 

85.13 

Y  ield  Strength,  ksi 

74.28 

60.80 

59.88 

Elongation  in  5.08  Cm,  % 

10,5 

12.5 

10.0 

Vickers  Hardness,  100  g  Load 

201 

181 

181 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.150 

0.221 

0.124 

Ultimate  Strength,  ksi 

102.50 

90.99 

91.90 

Yield  Strength,  ksi 

72.54 

70.24 

71.86 

Elongation  in  5.08  Cm,  % 

17.0 

12.5 

7.5 

Photomicrographs  (100  X  Magnification) 


Figure  A-19.  Test  Data  for  Thick  Nickel  Deposits  from  pH  4.4  Sulfamate  Baths  at  46. 1  °C 


Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.  PC  AND  PH  OF  4.4 


Chemistry 

Sample  C115-20A 

Sample  C115-20B 

Sample  C115-20C 

Kickel  Metal,  g/1 

82.4 

82  4 

82.4 

Bone  Acid,  g/1 

.11  5 

31.5 

315 

Chloride,  g/l 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4  4 

4.4 

4.4 

Bath  Temperature.  ""C 

46  1 

46.1 

46  1 

Filtration.  Micron  Ratmg 

20 

20 

20 

Ciorrent  Mode 

Pulsed.  50%  Dut%’  Cycle 

Pulsed.  20%  Dut\'  Cvcle 

Periodic  Reversed 

Pulse  or  PR  Timmg.  Msec 

5  On.  5  Off 

2  On.  8  Off 

8  ForNA’ard.  2  Reverse 

Current  [)ensit\-.  A/dm" 

2. 1  5  Average 

2  15  Average  2 

1  5  Forward.  1  08  Reverse 

Amexies 

,SD  Ni 

SD.Mi 

SD  Ml 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 


Thickness,  Cm 

UTlimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  m  5.08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0  071 

119  30 

7929 

9  0 

230 

0.1 14 

108.90 

65.07 

10.0 

228 

Stress  Relieved  at  350®C  for  1  Hour 
Thickness,  Cm 

0.071 

0  109 

Ulttmaie  Strength,  ksi 

88.59 

92.64 

Y  leld  Strength,  ksi 

65.56 

69.48 

Elongation  m  5.08  Cm,  % 

17.5 

11.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


C115-20A  C115-20B  C115-20C 


Figure  A-20  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  46.  !°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  4.4 


Chemistry 

Sample  C115-30A 

Sample  C115-30B 

Sample  C115-30C 

Nickel  Metal,  g/1 

82.4 

82,4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chloride,  g/1 

0.406 

0.406 

0,406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature, 

46.1 

46.1 

46.1 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed,  50%  Dup'  Cycle 

Pulsed,  30%  Duty  Cycle 

Penodic  Reversed 

Pulse  or  PR  Timmg,  Msec 

5  ()n,  5  Off 

3  On,  7  Off 

8  Forward,  2  Reverse 

Current  Density,  A/dm^ 

3.23  Average 

3.23  Average 

3.23  Forward,  1.62  Reverse 

Anodes 

SDNi 

SDNi 

.SD  Ni 

.^otoion_A^ilation _ Spray  Nozzle  Single  Spray  Nozzle  Single  Spray  Nozzle 


Physical  Properties 


As-Deposited 

Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  in  5.08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0.097 

123.50 

79.80 

6.5 

209 

0.104 

119.80 

77.60 

8.5 

221 

0,102 

109.30 

78.53 

95 

228 

Stress  Relieved  at  35()T  for  1  Hour 
Thickness,  Cm 

0.099 

0.104 

0.104 

Ultimate  Strength,  ksi 

87.31 

79.58 

91.35 

Yield  Strength,  ksi 

66.50 

57.54 

69.49 

Elongation  in  5.08  Cm,  % 

18.5 

23.0 

10.5 

Photomicrographs  (100  X  Magnification 

As  Deposited: 


C115-30A  C115-30B  015-300 


Figure  A-21  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  46.1°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  4.4 


Chemistry 

Sample  Cl 20-20 

Sample  Cl 20-30 

Sample  C120-4D 

Nickel  Melal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chloride,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature, 

48.9 

48,9 

48.9 

Filtration,  Micron  Ralmg 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  DensiU ,  A/dxrV 

2.15 

3.23 

4.30 

Anodes 

SD  Ni 

SD  Ni 

SD  Ni 

Solution  Agitation 

Smgle  Spray  Nozzle 

Single  Spray  Nozzle 

Smgle  Spray  Nozzle 

Physical  Properties 

As-Deposited 

(1)  (2) 

Thickness,  Cm 

0.109 

0.107 

0.114  0.114 

Ultimate  Strength,  ksi 

120.70 

117.40 

93.18  94.97 

Yield  Strength,  ksi 

83.22 

74.48 

66.84  66.70 

Elongation  in  5.08  Cm,  % 

9.5 

6.5 

6.5  7.0 

Vickers  Hardness,  100  g  Load 

237 

237 

190  213 

Stress  Relieved  at  350®C  for  1  Flour 

Thickness,  Cm 

0.109 

0.107 

0.109  0.107 

UlUmale  Strength,  ksi 

105.20 

98.20 

87.22  88.81 

Yield  Strength,  ksi 

85.07 

73.06 

70.14  62.35 

Elongation  in  5.08  Cm,  % 

7.5 

11.5 

6.0  6.5 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

Cl  20-20 

Cl  20-30 

Cl  20-40 

Figure  A-22.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9°C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  4.4 


Chemistry 

Sample  C120-20A 

Sample  C120-20B 

Sample  C120-20C 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chlonde,  g/1 

0.406 

0.406 

0.40() 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  l  emperature, 

48,9 

48.9 

48.9 

Fillralion,  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed,  50%  DuU  Cycle 

Pulsed,  20%  Duty  Cycle 

Periodic  Reversed 

Pulse  or  PR  Tuning,  Msec 

5  On,  5  Oir 

2  On,  8  Oli 

8  Forward,  2  Reverse 

Current  Densil> ,  A/dm" 

2.15  Average 

2.15  Average  2. 

1 5  Forward,  1 .08  Reverse 

iAitxies 

SD  Ni 

SDNi 

SDNi 

Solution  Agitation 

Smgle  Spray  Nozzle 

Single  Spray  Nozzle 

Smgle  Spra>  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.114 

0.119 

0  109 

Ultimate  Strength,  ksi 

90.55 

131.19 

88.30 

Yield  Strength,  ksi 

62.22 

88,22 

62.41 

Elongation  in  5.08  Cm,  % 

8.0 

8.5 

8.5 

Vickers  Hardness,  1()0  g  Load 

213 

274 

206 

Stress  Relieved  at  350°C  Ibr  1  Hour 

Thickness,  Cm 

0.122 

0.119 

0.109 

Ultimate  Strength,  ksi 

80.78 

96.23 

84.91 

Yield  Strength,  ksi 

57.58 

81.39 

68.30 

Elongation  in  5.08  Cm,  % 

10.0 

10,0 

5.0 

Photomicrographs  (100  X  Magnification) 


As  Deposited: 


C120-20A 


C120-20B 


C120-20C 


Figure  A-23.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current, 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9‘^C  AND  PH  OF  4.4 
hemistrv  Samole  C120-30A  Sample  C120-30B  Sample  C120-30C 


Chemistry  Sample  CllO-. 

Nickel  Metal,  g/1  ^2.4 

Bone  Acid,  g/1  31.5 

^ _  0.406 

Operating  Conditions 

pH  3.6 

Bath  Temperalui'e.  48.9 

Filtration,  Micron  Rating  20 

Cuirent  Mode  Pulsed,  50%  DuU'  Cycle 

Pulse  or  PR  Tuning,  Msec  5  On,  5  01! 

Current  Densit}-,  A/dm*  3.23  Average 

Anodes  SD  Ni 

Solution  Agitation  Single  Spray  Nozzle 

Physical  Properties  _ 

As-Deposited 

Thickness,  Cna  0T09 

Ultimate  Strength,  ksi  1 1 3 .90 

Y leld  Strength,  ksi  73.65 

Elongation  in  5.08  Cm,  %  1 1  -0 

Vickers  Hardness,  100  g  Load _ 237 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness ,  Cm  0 . 1 09 

Ultimate  Strength,  ksi  82.06 

Yield  Strength,  ksi  58.25 

Elongation  in  5.08  Cm,  %  1  ^  0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

C120-30A 


0.109 

113.90 

73.65 

11.0 

237 


3.6 

48.9 

20 

Pulsed,  20%  Duty  Cycle 
2  On,  8  Off' 

3.23  Average 
SD  Ni 

Smgle  Spray  Nozzle 


3.6 

48.9 

20 

Penodic  Reversed 
8  Forward,  2  Reverse 
3.23  Forward,  1.62  Reverse 
SD  Ni 

Single  Spray  Nozzle 


C120-30B 


C120-30C 


Figure  A-24  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  5L7°C  AND  PH  OF  4.4 


Chemistry 

Sample  C125-20 

Sample  C125-30 

Sample  C125-40 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chloride,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature,  °C 

51.7 

51.7 

51.7 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densitv',  A/dm^ 

2.15 

3,23 

4.30 

Anodes 

SDNi 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.109 

0.094 

0.119 

Ultimate  Strength,  ksi 

124.40 

114.20 

126.30 

Yield  Strength,  ksi 

80.08 

75,77 

86.90 

Elongation  in  5.08  Cm,  % 

9.5 

10.5 

10.0 

Vickers  Hardness,  100  g  Load 

221 

221 

221 

Stress  Relieved  at  350®C  for  1  Hour 

Thickness.  Cm 

0.112 

0.098 

0.124 

Ultimate  Strength,  ksi 

84.36 

80.02 

77.62 

Yield  Strength,  ksi 

60.36 

54.21 

50.51 

Elongation  m  5.08  Cm,  % 

21.5 

27.0 

28.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


Cl  25-20 


Cl  25-30 


Cl  25-40 


Figure  A-25.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  51 .7°C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  4.4 


Chemistry 

Sample  C125-20A 

Sample  C125-20B 

Sample  C125-20C 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chlonde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature, 

51.7 

51.7 

51.7 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed,  50%  Duty  Cycle 

Pulsed,  20%  Duty  Cycle 

Periodic  Reversed 

Pulse  or  PR  Timing,  Msec 

5  On,  5  Off 

2  On.  8  Off 

8  Forw'ard,  2  Reverse 

Current  Density,  A/dm^ 

2.15  Average 

2.15  Average 

2. 1 5  Forward,  1 .08  Reverse 

Anodes 

SD  Ni 

SDNi 

SDNi 

Solution  Agitation  Single  Spray  Nozzle  Single  Spray  Nozzle  Single  Spray  Nozzle 


Physical  Properties 


As-Deposited 

Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  in  5,08  Cm,  % 

Vickers  Hardness,  100  g  Load 

0.099 

93.59 

64.09 

5.5 

234 

0,107 

84.00 

56,79 

8.0 

181 

Stress  Relieved  at  350®C  for  1  Houi* 
Thickness,  Cm 

0.102 

0.109 

Ultimate  Strength,  ksi 

84.33 

76.75 

Yield  SU'ength,  ksi 

63.49 

57,79 

Elongation  m  5.08  Cm,  % 

7.5 

7.0 

Photomicrographs  (100  X  Magnification) 


As  Deposited: 


C125-20A 


C125-20B 


C125-20C 


Figure  A-26.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  51 .7°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  SU^C  AND  PH  OF  4.4 


Chemistry 

Sample  C125-30A 

Sample  C125-30B 

Sample  C125-30C 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Boric  Acid,  g/1 

31.5 

31.5 

31.5 

Chloride,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature,  ®C 

51.7 

51.7 

51.7 

Filtration,  Micron  Ratmg 

20 

20 

20 

Current  Mode 

Pulsed,  50%  Duty  Cycle 

Pulsed,  20%  Duty  Cycle 

Periodic  Reversed 

Pulse  or  PR  Timing,  Msec 

5  On,  5  Off 

2  On,  8  Off 

8  Forward,  2  Reverse 

Current  Density,  A/dm^ 

3.23  Average 

3.23  Average 

3.23  Forward,  1.62  Reverse 

Anodes 

SDNi 

vSDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

AS“Deposited 

Thickness,  Cm 

0.117 

Ultimate  Strength,  ksi 

100.50 

Yield  Strength,  ksi 

61,80 

Elongation  in  5.08  Cm,  % 

11.5 

Vickers  Hardness,  100  g  Load 

224 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.114 

Ultimate  Strength,  ksi 

87.30 

Yield  Strength,  ksi 

58.64 

Elongation  in  5.08  Cm,  % 

12.5 

Photomicrographs  (100  X  Magniflcation) 

As  Deposited: 


C125-30B  C125-30C 


Figure  A-27.  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  5 1 ,7°C 
Using  Pulsed  Current  or  Periodic  Reversed  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THICK 
NICKEL  DEPOSITS  FROM  SULFAMATE  BATHS  AT  48.9''C  AND  PH  OF  3.6,  4.0,  4.4 


Chemistry 

Nickel  Metal,  g/l 
Bone  Acid,  g/l 
Chlonde,  g/l 

Operating  Conditiops 

pH 

Bath  Temperature, 

Filtration,  Micron  Rating 

Current  Mode 

Pulse  or  PR  Timmg,  Msec 

Current  Density,  A/dm‘ 

Ancxies 

Solution  Agitation 


Sample  A120-20D 

82.4 

31.5 
0.406 


4.4 

489 

20 

Pulsed,  50%  Duty’  Cycle 
0.5  On,  0.5  OS'  ’ 
2.15  Average 
SDNi 

Smele  Sprav  Nozzle 


Sample  B12Q-20D 

82.4 

31.5 
0,406 


4.0 

48.9 

20 

Pulsed,  50%  Duty'  Cycle 
0.5  On,  0.5  OIT 
2.15  Average 
SD  Ni 

Single  Spray  Nozzle 


Sample  C12Q-2QD 

82.4 

31.5 
0,406 


3.6 

48.9 

20 

Pulsed,  50%  Duty’  Cvcle 
0.5  On,  0.5  (iff  ' 
2.15  Average 
SD  Ni 

Single  Spray  Nozzle 


Physical  Properties 


As-Deposited 


Thickness,  Cm 

0.132 

0.127 

0.102 

Ultimate  Strength,  k$i 

98.05 

105.80 

90.28 

Yield  Strength,  ksi 

71.35 

81.91 

61.01 

Elongation  in  5.08  Cm,  % 

iO.O 

8.5 

9.0 

Vickers  Hardness,  100  g  Load 

221 

237 

221 

Stress  Relieved  at  350®C  for  1  Hour 

Thickness,  Cm 

0.130 

0.119 

0.104 

Ultimate  Strength,  ksi 

80.90 

87.05 

84.87 

Yield  Strength,  ksi 

56.92 

60.30 

66.93 

Elongation  in  5.08  Cm,  % 

15.0 

17.5 

5.5 

Photomicrographs  (100  X  Magnification) 

As  Deposited; 


A120-20D  B120-20D  C120-20D 


Figure  A-27  Test  Data  for  Thick  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  51 .7^C 
Using  Pulsed  Current  at  a  Frequency  of  1000  Hz. 
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APPENDIX  B 


MECHANICAL  PROPERTIES  AND  DEPOSITTON  PARAMETERS 
FOR  AS-DEPOSITED  AND  STRESS  RELIEVED  NICKEL  DEPOSITS 
FROM  SULFAMATE  BATHS  -  DEPOSIT  THICKNESSES 
BETWEEN  0.0254  AND  0.0508  CM  (0.010  AND  0.020  INCHES) 

1998  STUDY  IN  136  LITER  BATHS 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.PC  AND  PH  OF  3.6 


Chemist  r> 

Sample  A115-20TW 

Sample  A115-30TW 

Sample  A115-40TW 

Nickel  Melai,  g/1 

82,4 

82,4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chlonde.  e/1 

0.406 

0.406 

0.406 

pH 

3.6 

3.6 

3.6 

Bath  Temperature, 

46.1 

46.1 

46. 1 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densitv,  AJ drrr 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SD  Ni 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Smgle  Spray  Nozzle 

Physical  ProDerties 

As-Deposited 

Thickness.  Cm 

0.0381 

0.0381 

0.0368 

Ultimate  Strength,  ksi 

84.77 

80.80 

83.45 

Yield  Strength,  ksi 

58.28 

54.97 

62,24 

Elongation  m  5.08  Cm,  % 

9.5 

10.5 

/  .5 

Elongation  in  2.54  Cm,  % 

14,0 

15.0 

14.0 

Stress  Relieved  at  177®C  for  4  Hours 

Thickness,  Cm 

0.0356 

0.0406 

0.0381 

Ultimate  Strength,  ksi 

88.86 

67.50 

80.98 

Yield  Strength,  ksi 

64.57 

42.22 

58.38 

Elongation  m  5.08  Cm,  % 

4.5 

14.0 

5.5 

Eloneation  in  2.54  Cm,  % 

9.0 

21.0 

9.0 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness.  Cm 

0.0356 

0.0406 

0.0394 

Ultimate  Strength,  ksi 

78.84 

70.81 

66.67 

Y  leld  Strength,  ksi 

61.08 

54.04 

48.08 

Elongation  in  5.08  Cm,  % 

10.0 

10.5 

16.0 

Elongation  in  2.54  Cm,  % 

16.0 

19.0 

23,0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

A115-20TW 


A115-30TW 


A115-40TW 


Figure  B-1.  Test  Data  for  Thin  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  46.1°C 

Using  Conventional  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 


NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  3.6 

ChemistrY 

Sample  A120-20TW 

Sample  A120-30TW 

Sample  A120-40TW 

Nickel  Metal,  g/1 

82.4 

82,4 

82.4 

Bone  Acid,  g/1 

31  5 

31.5 

3 1 .5 

Chlonde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3,6 

3.6 

Bath  Temperature, 

48.9 

48.9 

48.9 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Density.  A/dm‘ 

2.15 

3.23 

4.30 

Anodes 

SD  Ni 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0,0330 

0.0381 

0.0394 

Ultimate  Strength,  ksi 

120.80 

99.21 

87.18 

Yield  Strength,  ksi 

82,57 

70.11 

59.62 

Elongation  in  5.08  Cm,  % 

12.0 

6.0 

5.0 

Elongation  in  2.54  Cm,  % 

17.0 

10.0 

5.0 

Stress  Relieved  at  177®C  for  4  Hours 

Thickness,  Cm 

0.0330 

0.0356 

0.0356 

Ultimate  Strength,  ksi 

115.70 

113.30 

91.16 

Yield  Strength,  ksi 

81.54 

82.60 

68.47 

Elongation  in  5.08  Cm,  % 

10.0 

4.5 

4.0 

Elongation  in  2.54  Cm,  % 

15.0 

8.0 

7.0 

Stress  Relieved  at  350°C  for  1  Hour 

'fhickness,  Cm 

0.0330 

0.0368 

0.0368 

Ultimate  Strength,  ksi 

91.60 

74.56 

74.56 

Yield  Strength,  ksi 

68.70 

45.14 

54.72 

Elongation  m  5.08  Cm,  % 

13.5 

22.0 

9.0 

Elongation  in  2.54  Cm,  % 

23.0 

30.0 

16.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited; 


Figure  B-2.  Test  Data  for  Thin  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  48.9°C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 


NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  3.6 

Chemistry 

Sample  A125-20TW 

Sample  A125-30TW 

Sample  A125-40TW 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Boric  Acid,  g/1 

31.5 

31.5 

31.5 

Chionde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature, 

51.7 

51.7 

51.7 

Filtration.  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  DensiU',  A/dm^ 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Smgie  Spray  Nozzle 

Single  Spray  Nozzle 

Phj^sical^rogerties 

As-Deposited 


Thickness.  Cm 

0.0406 

0.0356 

Ultimate  Strength,  ksi 

106.70 

111.20 

Yield  Strength,  ksi 

73.82 

83.93 

Elongation  in  5.08  Cm,  % 

5.5 

4.5 

Elongation  in  2.54  Cm,  % 

10.0 

7.0 

Stress  Relieved  at  1 77°C  for  4  Hours 

Thickness,  Cm 

0.0406 

0.0381 

Ultimate  Strength,  ksi 

95.14 

95.75 

Yield  Strength,  ksi 

67.25 

64.23 

Elongation  in  5.08  Cm,  % 

6.0 

6.0 

Elongation  in  2.54  Cm,  % 

9.0 

10.0 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.0394 

0.0381 

Ultimate  Strength,  ksi 

91.26 

81.12 

Yield  Strength,  ksi 

71,34 

55,45 

Elongation  in  5.08  Cm,  % 

8.5 

12.5 

Elongation  in  2.54  Cm,  % 

12,0 

19.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

A1 25-20  A1 25-30  A 125-40 


Figure  B-3.  Test  Data  for  Thin  Nickel  Deposits  from  pH  3,6  Sulfamate  Baths  at  51 .7°C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 


NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  4.0 

Chemistry 

Sample  B115-20TW 

Sampte  B115-30TW 

Sample  BllS^OTW 

Nickel  Metal,  g/l 

82.4 

82.4 

82  4 

Bone  Acid,  g/l 

31.5 

31,5 

31.5 

Chlonde,  g/l 

0406 

0.406 

0.406 

Operating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature, 

46.1 

46.1 

46.1 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densmu  A/dm' 

2.15 

3,23 

4.30 

Anodes 

SDNi 

SD  Ni 

SDNi 

Solution  Agitation 

Smgle  Spray  Nozzle 

Smgle  Spray  Nozzle 

Smgle  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.0356 

0.0356 

0.0356 

LTtimate  Strength,  ksi 

127  50 

101.80 

124.00 

Y  leld  Strength,  ksi 

96  32 

73.26 

82.36 

Elongation  m  5.08  Cm, 

%  4.5 

2.0 

2.0 

Elongation  in  2.54  Cm,  % 

9.0 

5.0 

5.0 

Stress  Relieved  at  177°C  for  4  Hours 

Thickness,  Cm 

0,0356 

0.0356 

0.0381 

Ultimate  Strength,  ksi 

1 12.70 

89.59 

94  15 

Yield  Strength,  ksi 

79.17 

69  90 

66.49 

Elongation  m  5.08  Cm,  % 

3.5 

4.5 

5.0 

Elongation  m  2.54  Cm,  % 

7.0 

6.0 

8.0 

Stress  Relieved  at  SSO^'C  for  1  Hour 

Thickness,  Cm 

0,0356 

0.0330 

0.0356 

Ultimate  Strength,  ksi 

99.43 

95.70 

90.01 

Yield  Strength,  ksi 

76.71 

76.19 

64.48 

Elongation  in  5.08  Cm,  % 

10.5 

2.0 

10,0 

Elongation  m  2.54  Cm,  % 

18.0 

5.0 

13.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited 


B1 15-20  B1 15-30  B1 15-40 


Figure  B-4  Test  Data  for  Thin  Nickel  Deposits  from  pH  4  0  Sulfamate  Baths  at  46. 1°C 

Using  Conventional  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 


NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  4.0 

Chemistry 

Sample  B120-20TW 

Sample  B120-30TW 

Sample  B120-40TW 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chlonde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature,  ""C 

48.9 

48.9 

48.9 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densitv’,  A/drrr 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SDNi 

SD  Ni 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

AS’Deposited 

Thickness,  Cm 

0.0356 

0.0356 

0.0356 

Ultimate  Strength,  ksi 

125.71 

123.60 

101.60 

Yield  Strength,  ksi 

93.75 

90.20 

67.47 

Elongation  m  5.08  Cm,  % 

7.5 

5.0 

7.0 

Elongation  m  2.54  Cm,  % 

13,0 

10.0 

10.0 

Stress  Relieved  at  1 77®C  for  4  Hours 

Thickness,  Cm 

0.0381 

0.0406 

0.0356 

Ultimate  Strength,  ksi 

111.20 

90.91 

90.19 

Yield  Strength,  ksi 

76.60 

66.00 

63.73 

Elongation  m  5.08  Cm,  % 

8.5 

5.5 

6.5 

Elongation  m  2.54  Cm,  Vo 

15.0 

8.0 

10.0 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.0356 

0.0381 

0.0343 

Ultimate  Strength,  ksi 

92.07 

83.44 

86.77 

Yield  Strength,  ksi 

67,99 

61.59 

63.97 

Elongation  m  5.08  Cm,  % 

14.5 

13.0 

10.0 

Elongation  in  2.54  Cm,  % 

25.0 

22.0 

15.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


B 120-20  B 120-30  B 120-40 


Figure  B-5.  Test  Data  for  Thin  Nickel  Deposits  from  pH  4,0  Sulfamate  Baths  at  48.9°C 

Using  Conventional  Current 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 


NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7®C  AND  PH  OF  4.0 

Chemistn^ 

Sample  B125-20TW 

Sample  B125-30TW 

Sample  B125-40TW 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chlonde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4.0 

4.0 

4.0 

Bath  Temperature, 

51.7 

51,7 

51.7 

Filtration.  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densit\\  A/dm" 

2.15 

3.23 

4.30 

Anodes 

SD  Ni 

SD  Ni 

SDNi 

Solution  Agitation 

Smgie  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.0381 

0.0394 

0.0374 

Ultimate  Strength,  ksi 

125,33 

108.11 

105.13 

Yield  Strength,  ksi 

81,79 

73,36 

77,56 

Elongation  in  5.08  Cm,  % 

10.5 

6.0 

5.0 

Elongation  m  2.54  Cm,  % 

20.0 

6.0 

10.0 

Stress  Relieved  at  1 77<^C  for  4  Hours 

Thickness,  Cm 

0.0381 

0.0381 

0.0406 

Ultimate  Strength,  ksi 

122.10 

110.70 

94.64 

Yield  Strength,  ksi 

87.90 

78.53 

68.58 

Elongation  in  5.08  Cm,  % 

12.0 

7,0 

8.0 

Elongation  in  2.54  Cm,  % 

17.0 

12.0 

6.0 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.0406 

0.0432 

0.0406 

Ultimate  Strength,  ksi 

84.99 

74.27 

80.65 

Yield  Strength,  ksi 

60.79 

49.71 

59.55 

Elongation  in  5.08  Cm,  % 

26.0 

15.0 

8.0 

Elongation  m  2.54  Cm,  % 

30.0 

25,0 

12,0 

Photomicrographs  (100  X  Magnification) 

As  Deposited; 


B1 25-20 


B 1 25-30 


B 125-40 


Figure  B-6.  Test  Data  for  Thin  Nickel  Deposits  from  pH  4.0  Sulfamate  Baths  at  51.7°C 

Using  Conventional  Current. 
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xMECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  46.1°C  AND  PH  OF  4.4 


Chemistrv 

Sample  C115-20TW 

Sample  C115-30TW 

Sample  C115-40TW 

Nickel  MetaL  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31.5 

31.5 

Chionde.  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4.4 

4.4 

4.4 

Bath  Temperature,  °C 

46.1 

46.1 

46. 1 

Filtration.  Micron  Ratme 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densiuu  A/dm" 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle  Single  Spray  Nozzle 

Physical  Properties 

AS“Deposiled 

Thickness,  Cm 

0.0356 

0.0356 

0.0330 

Ultimate  Strength,  ksi 

136.10 

122.60 

1 16.40 

Yield  Strength,  ksi 

94.86 

87.77 

78.87 

Elongation  in  5.08  Cm,  % 

7.0 

3.5 

4.5 

Elongation  in  2.54  Cm,  % 

10.0 

6.0 

8.0 

Stress  Relieved  at  177®C  for  4  Hours 

Thickness,  Cm 

0.0330 

0.0330 

0.0356 

Ultimate  Strength,  ksi 

124.70 

130.90 

103.80 

Yield  Strength,  ksi 

86.48 

95,39 

73.97 

Elongation  m  5.08  Cm.  % 

8.0 

3.0 

4.0 

Elongation  in  2.54  Cm,  % 

11.0 

5.0 

6.0 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.0330 

0.0381 

0.0381 

Ultimate  Strength,  ksi 

99.54 

90.27 

80.32 

Yield  Strength,  ksi 

74.50 

70.40 

61.97 

Elongation  m  5.08  Cm,  % 

12.5 

7.5 

4.5 

Elongation  in  2.54  Cm,  % 

20.0 

13.0 

7.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

Cl  15-20 

Cl  15-30 

Cl  15-40 

H 

Figure  B-7.  Test  Data  for  Thin  Nickel  Deposits  from  pH  4.4  Sulfamate  Baths  at  46.1°C 

Using  Conventional  Current. 
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iMECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  3.6 


Chemistn' 

Sample  C120-20TW 

Sample  C120-30TW 

Sample  C120-40TW 

Nickel  Metai,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31  5 

31.5 

31.5 

Chloride,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature,  °C 

48.9 

48.9 

48.9 

Filtration,  Micron  Ratmg 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densm*,  A/dm" 

2.15 

3.23 

4.30 

Anodes 

SDNi 

SD  Ni 

SDNi 

Physical  Properties 


As-Deposited 

Thickness,  Cm 

Ultimate  Strength,  ksi 

Yield  Strength,  ksi 

Elongation  m  5.08  Cm,  % 
Elongation  in  2.54  Cm,  % 

0.0381 

106.00 

75.50 

6.5 

12.0 

0.0343 

124.40 

81.00 

8.0 

12.0 

0.0305 

126,91 

85.63 

4.5 

9.0 

Stress  Relieved  at  HT^'C  for  4  Hours 

Thickness,  Cm 

0.0356 

0,0356 

0.0356 

Ultimate  Strength,  ksi 

102.70 

109.00 

114.30 

Yield  Strength,  ksi 

74.47 

84.17 

82.86 

Elongation  in  5.08  Cm,  % 

4.5 

2.5 

3.0 

Elongation  in  2.54  Cm,  % 

8.0 

4.0 

5.0 

Stress  Relieved  at  350®C  for  1  Hour 

Thickness,  Cm 

0.0381 

0.0356 

0.0330 

Ultimate  Strength,  ksi 

93.92 

92.33 

91.60 

Yield  Strength,  ksi 

71.43 

70.31 

67.18 

Elongation  in  5.08  Cm,  % 

15,0 

17.5 

15.0 

Elongation  in  2.54  Cm,  % 

22.0 

24.0 

20.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 


Cl  20-20 


Cl  20-30 


Figure  B-8  Test  Data  for  Thin  Nickel  Deposits  from  pH  3 

Using  Conventional  Current. 


Cl  20-40 


6  Sulfamate  Baths  at  48.9°C 


B-9 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7^C  AND  PH  OF  3.6 


Chemistry 

Sample  C125-20TW 

Sample  C125-30TW 

Sample  C125'-40TW 

Nickel  Metal,  g/1 

82.4 

82.4 

82.4 

Bone  Acid,  g/1 

31,5 

31.5 

31.5 

Chlonde,  g/1 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature,  ""C 

51.7 

51.7 

51.7 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  Densitvu  A/dm’ 

2.15 

3.23 

4.30 

Anodes 

.SD  Ni 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.0279 

0.0318 

0.0343 

Ultimate  Strength,  ksi 

125.68 

124,20 

129.25 

Yield  Strength,  ksi 

84.99 

82.01 

84.93 

Elongation  m  5.08  Cm,  % 

10.0 

10.0 

9.0 

Elongation  in  2.54  Cm,  % 

15,0 

17.0 

13.0 

Stress  Relieved  at  1 77*^0  for  4  Hours 

Thickness,  Cm 

0.0330 

0.0330 

0.0356 

Ultimate  Strength,  ksi 

113.70 

112.10 

1 10.40 

Yield  Strength-  ksi 

78.15 

77.11 

78,75 

Elongation  m  5.08  Cm,  % 

9.5 

9.5 

5.0 

Elongation  m  2.54  Cm,  % 

15.0 

16,0 

8.0 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness,  Cm 

0.0279 

0.0318 

0.0330 

Ultimate  Strength,  ksi 

98,78 

98.57 

91.74 

Yield  Strength,  ksi 

73.10 

75.52 

71.10 

Elongation  m  5.08  Cm,  % 

13.5 

12.0 

13.0 

Elongation  m  2.54  Cm,  % 

21.0 

16.0 

24.0 

Photomicrographs  (100  X  Magnification) 

As  Deposited: 

Cl  25-20 

Cl  25-30 

Cl  25-40 

Figure  B-9.  Test  Data  for  Thin  Nickel  Deposits  from  pH  3.6  Sulfamate  Baths  at  5L7°C 

Using  Conventional  Current 
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APPENDIX  C 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS 
FOR  AS-DEPOSITED  AND  STRESS  RELIEVED  NICKEL  DEPOSITS 
FROM  SULFAMATE  BATHS  -  DEPOSIT  THICKNESSES 
BETWEEN  0.0102  AND  0.0152  CM  (0.004  AND  0.006  INCHES) 

1998  STUDY  IN  136  LITER  BATH 
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MECH  ANICAL  PROPERTIES  AND  DEPOSITION  '"‘RA’^ETERS  FOR  THm 

NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  0 - 1 - 

Chemistry  Sample  A 120-20WG  Sampte  A120-30WG  Sample  A120-40WG 


Operating  Conditions 

pH  3.^ 

Bath  I'emperature.  °C  4-8  9 

Filtration,  Micron  Rating  20 

Current  Mode  Conventional  dc 

Current  Densit>’.  .Vdm"  -  ^  5 

Anodes 

Solution  Agitation  Single  Spray  Nozzle 


Physical  Properties 

As-Deposited 

I'hickness,  Cm  0.01  j  5 

Ultimate  Strength,  ksi  106.80 

Yield  Strength,  ksi  74.53 

Elongation  in  5.08  Cm,  %  ^  ^ 

Elongation  in  2.54  Cm,  % _ 

Stress  Relieved  at  350°C  for  1  Hour 

Thickness.  Cm  0.0132 

Ultimate  Strength,  ksi  80.62 

Yield  Strength,  ksi  52.  •  1 

Elongation  in  5  08  Cm.  %  22.5 

Elongation  m  2.54  Cm,  % 


Photomicrographs  (200  X  Magnification) 

.As  Deposited: 


0.0132 
80.62 
52. '1 


3.6 

48.9 

20 

Conventional  dc 
3.23 
SDNi 

Single  Spray  Nozzle 


0.0142 
100.40 
t4.46 
5  0 


0  0142 
■5  90 
55. ”6 

11.5 


3.6 

48.9 

20 

Conventional  dc 
4.30 
SDNi 

Single  Spray  Nozzle 


A]20-20.\WG 


A120-20BWG 


A120-20CWG 


Fiaure  1  Test  Data  for  Very  Thin  Nickel  Deposits  from  pH  3  6  Sulfamate  Baths  at  48  9°C 

Using  Conventional  Current 


MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9«C  AND  PH  OF  3.6 


Chemistry 

Sample  A120-20AWG  Sample  A 120-20BWG  Sample  A120-20CWG 

Nfickel  Metal,  g/1 

824 

82.4 

82.4 

Bone  Acid,  g/1 

31.5 

31,5 

31.5 

Chloride,  g/1 

0.406 

0.406 

0.406 

operating  Conditions 

pH 

3.6 

3.6 

3.6 

Bath  Temperature, 

48.9 

48.9 

48.9 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Pulsed,  50%  Dutv  Cycle 

Pulsed,  20%  Ehitv  Cycle 

Penodic  Reversed 

Pulse  or  PR  Timmg,  Msec 

5  On,  5  Off 

2  On,  8  Off 

8  Forward,  2  Reverse 

Current  Density,  A/dnr 

2.15  Average 

2.15 

2.15 

Anodes 

SDMi 

SDNi 

SDNi 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0.0140 

Ultimate  Strength,  ksi 

91.54 

Yield  Strength,  ksi 

59.19 

Elongation  in  5  08  Cm,  % 

9.0 

Elongation  m  2.54  Cm,  % 

Stress  Relieved  at  350°C  for  1  Hour 

iliickness.  Cm 

0,0145 

Ultimate  Strength,  ksi 

77.39 

Yield  Strength,  ksi 

55.83 

Elongation  in  5  .08  Cm,  % 

9.0 

Elongation  m  2.54  Cm,  % 

Photomicrographs  (200  X  Magnification) 

As  Deposited; 


A120-20AWG  A120-20BWG  A120-20CWG 


Figure  2.  Test  Data  for  Very  Thin  Nickel  Deposits  from  pH  3  6  Sulfamate  Baths  at  48,9°C 

Using  Conventional  Current. 
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MECH,A,NICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  51.7°C  AND  PH  OF  3.6 
Chemistry  Samote  A125-20WG  Sample  A125-30WG  Sample  A1 25-40 WG 


Nickel  Metal,  g/1  82.4  84.4 

Bone  Acid,  g/1  31.5  31.5 

Chlonde.  a/f  0.406 _ 0  406  _ 0406 - 


Operating  Conditions 

pH  ,3  6  ,3.6  ,3  6 

Bath  Temperature.  51''  ■3^  ' 

Filtration.  Micron  Rating  20  20  ^  30 

Current  Mode  Conventional  dc  Conventional  dc  Conventional  dc 

Current  Density.  .Vdni"  lo 

Anodes  SD  Ni  SD  Mi  ^  ^  ^ 

Solution  Asitaiion  Single  Spray  Nozzle 


Physical  Properties  .  . - . — 


As-Deposited 


20 

Conventional  dc 
SDNi 

Single  Spray  Nozzle 


20 

Conventional  dc 
4  30 
SD  Ni 

Single  Spray  Nozzle 


Photomicrographs  (200  X  Magnification) 

.As  Deposited: 

.A125-20WG  .A125-30WG 


.A  12  5-40 WG 


Figure  3  Test  Data  for  Very  Thin  Nickel  Deposits  from  pH  3  6  Sulfamate  Baths  it  48.9  C 

Using  Conventional  Current. 
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MECHANICAL  PROPERTIES  AND  DEPOSITION  PARAMETERS  FOR  THIN 
NICKEL  DEPOSITS  FROM  SULFAMATE  SOLUTIONS  AT  48.9°C  AND  PH  OF  4.0 


Chemistry  Sample  B120-20WG 

Sample  B120-30WG 

Sample  B120-40WG 

Nickel  Metal,  g/l 

824 

82,4 

82.4 

Bone  Acid,  g/l 

31  5 

31.5 

31,5 

Chloride,  g/^l 

0.406 

0.406 

0.406 

Operating  Conditions 

pH 

4,0 

4.0 

4.0 

Bath  Temperature,  °C 

48  9 

48.9 

48.9 

Filtration,  Micron  Rating 

20 

20 

20 

Current  Mode 

Conventional  dc 

Conventional  dc 

Conventional  dc 

Current  E)ensily,  A/dnr^ 

2.15 

3.23 

4.30 

.^nodes 

SDNi 

SDNi 

SD  Ni 

Solution  Agitation 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Single  Spray  Nozzle 

Physical  Properties 

As-Deposited 

Thickness,  Cm 

0  0127 

0.0127 

Ultimate  Strength,  ksi 

124.50 

124.10 

Yield  Strength,  ksi 

90.76 

87.15 

Elongation  in  5  . OS  Cm,  % 

7.5 

6.5 

Elongation  m  2.54  Cm,  % 

Stress  Relieved  at  350®C  for  1  Hour 

Thickness,  Cm 

00130 

0.0127 

Ultimate  Strength,  ksi 

86.96 

97.19 

Yield  Strength,  ksi 

63.64 

78.31 

Elongation  m  5. OS  Cm,  % 

16.0 

12.5 

Elongation  m  2.54  Cm,  % 

Photomicrographs  (200  X  Magnification) 

As  Deposited: 


B120-20WG  B120-30WG  B120-40WG 


Figure  4.  Test  Data  for  Very  Thin  Nickel  Deposits  from  pH  3  6  Sulfamate  Baths  at  48.9°C 

Using  Conventional  Current. 
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